ABSTRACT. We compared four classical nonlinear growth curves (Gompertz, Logistic, Richards, and von Bertalanffy) in modeling observed skull condylobasal length and zygomatic width as a function of age in wild arctic wolves (Canis lupus arctos). We analyzed gender-specific growth patterns and the ontogeny of sexual size dimorphism in this species as revealed by the best model from these alternatives. For both genders and skull size measurements, the size-at-age data provided the best support for the von Bertalanffy model because of higher fitting degrees, lower root mean squared standard deviation of data points about the fitted growth curve, Akaike weight of 37.4% or higher, and fewer parameters derived directly from metabolic laws. Male asymptotic condylobasal length was 3.2% longer, and zygomatic width 4.1% wider, than in females. Sexual size dimorphism in this species develops in part because males grow faster, which might benefit them in terms of reproductive success and the capture and killing of large ungulate prey.
INTRODUCTION
Growth, a primary element in describing the basic biology and ecology of all species (Lawrence, 1980) , is related to important life-history traits such as size and age at maturity (Stearns and Koella, 1986; Stearns, 1992) . A practical method for examining the lifetime growth curve of a species is the use of size-at-age morphological measurements fitted to algebraic models that use size and age measurements to describe how an individual grows (Ratkowsky, 1983) . Growth models can also be used to examine variation in size or age at maturity caused by the environment, and the derived model parameters provide quantitative indices that facilitate comparative analyses. However, when a particular model is chosen in some way independently of the data and used to approximate the growth curve as a basis for inference, uncertainty in the model's selection is assumed to be zero (Burnham and Anderson, 2002) . If model selection uncertainty is overlooked, then precision can be overestimated, and the accuracy of predictions will suffer (Burnham and Anderson, 2002) . Despite the importance of testing concordance between different growth functions fitted to the same data set (Ratkowsky, 1983) , relatively few studies have done so (e.g., Bartareau et al., 2011) .
Skull size of the grey wolf (Canis lupus) can vary among populations by gender and geographic range (Jolicoeur, 1959; Clutton-Brock et al., 1994) , but little is known about the age of completion of development for a particular cranial character. The age of attainment of physical maturity is an important datum, because its variation reflects changes in the nutritional condition of the population, which can influence the social dynamics of wolf packs (Mech, 1999) , individual reproductive success (Mech, 2006) , and predatory performance (Sand et al., 2006; MacNulty et al., 2009) .
In this study, we applied information theory (Burnham and Anderson, 2002) to select the best growth curve in modeling observed skull condylobasal length and zygomatic width as a function of age in wild arctic wolves (Canis lupus arctos). Specifically, we compared four classical alternative growth curves, Gompertz, Logistic, Richards, and von Bertalanffy, for goodness of fit, computational ease, and accuracy in describing size-at-age growth measurements. We then examined the gender-specific growth patterns and ontogeny of sexual size dimorphism in this species revealed by the best model from these alternatives.
METHODS
As part of a larger study, entire wolf carcasses were collected by local harvesters from Sachs Harbour (71˚59ʹ N, 125˚15ʹ W) on Banks Island between March and October from 1997 to 2002, and from Ulukhaktok (formerly Holman) (70˚45ʹ N, 117˚42ʹ W) on northwest Victoria Island between March and June from 1999 to 2002. Muskoxen (Ovibos moschatus) were present in 89% of 141 stomachs and 90% of 40 scats. Populations of muskox were large (estimated at 49 000 -68 000 on Banks Island and 18 000 -19 000 on northwest Victoria Island) during the sampling period Nagy et al., 2009) , so prey should have been relatively abundant. The occurrence of Peary caribou (Rangifer tarandus pearyi) prey in 5% or less of stomachs and scats probably reflects the small populations of that species, estimated at 450 -1150 and 100 -200, respectively, during the sampling period (Nagy et al., 2009) .
Skulls were boiled in water without bleach, cleaned of all tissue, and allowed to air-dry for a minimum of 30 days. Jolicoeur (1959) compared grey wolf cranial dimensions and metrical characters and concluded that overall skull size can be satisfactorily described by condylobasal length and zygomatic width. Using calipers, we obtained condylobasal length and zygomatic width measurements (mm) from each skull. Landon et al. (1998) found that layering of cementum in canine teeth was sufficiently accurate for estimating wolf age. The first premolar tooth was extracted from each skull and aged in years by cementum analysis (Matson's Laboratory, LLC, Milltown Montana).
We regressed condylobasal length to zygomatic width to determine whether outliers were present, and we tested for differences between genders in the slope and intercept of cranial measurement relationships. Ratkowsky (1983) (Gompertz, 1825), and [4] Richards (Richards, 1959) growth curves, models g 1 to g 4 , respectively:
where A is condylobasal length (mm) or zygomatic width (mm), t is age (yr), A ∞ is asymptotic condylobasal length or zygomatic width of the sampled population, K is a relative growth rate parameter or "maturing index" that describes the rate at which asymptotic condylobasal length or zygomatic width is reached (yr -1 ), T is a fitting constant and is interpreted as the hypothetical age of an individual at zero condylobasal length or zygomatic width assuming the equation to be valid at all ages (yr), I is the age at the inflection point and is described as the theoretical time of maximum growth (yr), and m is a shape parameter determining the position of the inflection point and varies over the range −1 < m < ∞. Growth functions were fitted using the LevenbergMarquardt-Nash algorithm (Ratkowsky, 1983) .
Each of the growth curves has similar properties (e.g., unweighted nonlinear regressions; sigmoid behavior that describes relative growth rate as a function of asymptotic cranial size; response variable is the expected condylobasal length or zygomatic width for a given age; asymptotic condylobasal length or zygomatic width and maturing index have the same biological meaning), but they differ with an inflection point that is either fixed or flexible (Ratkowsky, 1983) . The point of inflection for von Bertalanffy, Logistic, and Gompertz growth models is fixed and occurs at 29.6% (A ∞ • [2/3] 3 ), 50.0% (A ∞ /2), and 36.8% (A ∞ /e) of asymptotic condylobasal length or zygomatic width, respectively. The Richards model is a generalized growth curve that encompasses the simpler von Bertalanffy (m = 0.67), Logistic (m = 2), and Gompertz (m = ∞) models for a particular value of the additional parameter m, and the point of inflection is flexible and occurs at any fraction of asymptotic condylobasal length or zygomatic width.
The adjusted proportion coefficient of determination (R 2 ) and root mean squared standard deviation of data points about a fitted growth curve (SD) were used to evaluate the general goodness of fit and the accuracy of each model to the observed growth pattern, respectively (Sokal and Rohlf, 1995) . We used the small-sample, bias-corrected form of the Akaike Information Criterion (AIC c ) to evaluate and compare the models (Burnham and Anderson, 2002) . The model with the smallest AIC c value was selected as the best among the models tested. To quantify the plausibility of each model, given the data and the set of four models, the Akaike weight (w i ) of each model was calculated (Burnham and Anderson, 2002). The w i is considered the weight of evidence that i is the best of the available set of models. The model-averaged asymptotic condylobasal length or zygomatic width was estimated by averaging the predicted response variable across models, using the corresponding w i as weights (Burnham and Anderson, 2002) .
To compare the time of completion of development for condylobasal length and zygomatic width, we assumed that growth virtually ceased at the age when the cranial character reached 97% of asymptotic size. We used a t-test for independent samples to compare gender differences in the asymptotic condylobasal length, zygomatic width, and maturing index values. All tests were two-tailed and employed an alpha value of 0.05. Means were expressed ± SE. Statistical analyses were conducted using Microsoft Excel ® and Statistix ® 9.0 (Analytical Software, 2008).
RESULTS
There was a linear relationship between condylobasal length and zygomatic width for both females (zygomatic width = 48.51 (± 29.35) + 0.36 (± 0.12) • condylobasal length; F 1,25 = 8.05, p = 0.009, r 2 = 0.419) and males (zygomatic width = 33.62 (± 22.15) + 0.44 (± 0.09) • condylobasal length; F 1,36 = 22.57, p < 0.001, r 2 = 0.397), and neither the slope (t 63 = 0.54, p = 0.588) nor the intercept (t 63 = 0.41, p = 0.681) of the skull measurement relationships differed between genders (Fig. 1) .
The condylobasal length-at-age and zygomatic widthat-age data were fitted to the von Bertalanffy, Logistic, and Gompertz models without difficulty, and convergence criteria were met after 15 to 25 iterations. Problems were encountered when fitting the Richards model, for which convergence criteria were met only after 230 to 481 iterations.
Each of the four models fitted the condylobasal length and zygomatic width growth curves well for both genders, and fitting degrees (R 2 ) were 70.1% or higher (Table 1 ). The magnitudes in R 2 ranks among models were, in decreasing order, von Bertalanffy, Gompertz, Logistic, and Richards (Table 1) . The von Bertalanffy model had the smallest standard deviation of data points about a fitted growth curve (Table 1) , and SD for asymptotic condylobasal length ranged from ± 9.33 mm (or 3.9% of asymptote) in females to ± 10.94 mm (4.5%) in males. The SD for asymptotic zygomatic width ranged from ± 4.63 mm (3.3%) in females to ± 4.73 mm (3.2%) in males. For both genders and cranial size measurements, the von Bertalanffy model had the smallest AIC c and was best supported by the data, with a w i of 37.4% or more (Table 1 ). The Gompertz, Logistic, and Richards models were least supported by the data, with w i of 24.5% or less.
For each growth model, the estimated asymptotic condylobasal length and zygomatic width were larger in males than in females. The corresponding maturing index values were smaller in females than in males (Table 1 ). The asymptotic condylobasal length and zygomatic width estimates for the von Bertalanffy model were larger, and the maturing index smaller, than those estimated by all other models. The asymptotic condylobasal length, zygomatic width, and maturing index estimates for the Gompertz and Logistic model fell between those of other models.
The von Bertalanffy model estimated that both genders reached 97% and 100% of asymptotic condylobasal length at age 0.7 and 3 yr, respectively ( Fig. 2A) . Males reached 97% of asymptotic zygomatic width at age 1.7 yr, about 0.3 yr earlier than females (Fig. 2B ). Both genders reached asymptotic zygomatic width by age 9 yr. In males, asymptotic condylobasal length was 3.2% longer (t 63 = 2.59, p = 0.012), and zygomatic width 4.1% wider (t 64 = 2.41, p = 0.019), than in females. Male maturing index values were 4.1% larger (t 63 = 0.05, p = 0.962) for condylobasal length, and 32.3% times larger (t 64 = 1.14, p = 0.259) for zygomatic width, than the values for females.
DISCUSSION
Growth curves for wolves can differ between genders and populations (Jolicoeur, 1959; Clutton-Brock et al., 1994) , and assessing multiple models through a model selection process should delineate which model provides the best representation of observed size-at-age. Our results revealed that the von Bertalanffy growth curve, when used for inferences on the arctic wolf, provided the least biased point estimates of growth in condylobasal length and zygomatic width as a function of age.
Our comparison of four candidate models based on their behavior alone showed that each fit the condylobasal length and zygomatic width growth profiles well, at fitting degrees that exceeded 70.1%. However, model selection based on information theory (Burnham and Anderson, 2002) revealed that the Gompertz, Logistic, and Richards growth models have considerably less support (w i ≤ 24.5%) than does the von Bertalanffy model (w i ≥ 37.4%). Although the fixed point of inflection is one of the potential drawbacks of the three-parameter von Bertalanffy growth model (Ratkowsky, 1983) , the failure of estimates for the fourparameter flexible Richards model to be more strongly correlated to data gives some indication of the rational effect of fixing the shape variable in a growth curve.
The von Bertalanffy curve was the first proposed model of animal growth to be based on metabolic laws and on Püt-ter's idea of balance between the processes of catabolism and anabolism (von Bertalanffy, 1957) . In contrast, the generalized Richards model was developed on a merely empirical basis as a theoretical advancement of the von Bertalanffy, Logistic, and Gompertz models, which allows application to both exponential and sigmoid growth curves (Richards, 1959) . Although the Richards model is very flexible, some reviewers have advised that it not be used because it includes an additional shape parameter that has no obvious biological interpretation (Ratkowsky, 1983) or because its parameters exhibit significant colinearity and are sometimes numerically unstable (Zeide, 1993) . Our analyses revealed problems of convergence for the Richards model that resulted in difficulties in fitting the data. Conversely, the von Bertalanffy growth model incorporates fewer parameters, but all are derived directly from metabolic laws; there is less covariance between the parameters; our initial parameter estimates were easily obtainable; and we did not observe any convergence problems.
The asymptote and maturing index values are estimates based on the data at hand and can vary considerably if data are not representative of the full range of conditions to which the species may be subjected through successive seasons or years or over entire growth cycles. In all growth analyses, it is assumed that the range of the data is adequately dispersed across the entire curve; otherwise, inaccurate and misleading extrapolations result (Ratkowsky, 1983) . The wide range of ages used to develop our growth models should have reduced any bias associated with limited sampling. Therefore, we are confident that the genderspecific von Bertalanffy condylobasal length-at-age and zygomatic width-at-age growth models are biologically correct and reflect the lifetime interaction between a wolf's genetics and its environment and the effect of this interaction on the wolf's growth and maturation. The von Bertalanffy model accounted for 87.7% or more of the variation in gender-and age-specific condylobasal length and zygomatic width growth profiles. High model performance for condylobasal length-at-age and zygomatic width-at-age data is logical because it is a reliable measurement that represents growth of the inflexible skeleton. However, the remaining variability indicates that other factors that are independent of age and were not included in the model might also have affected the growth of wolves. These could include factors such as individual and temporal variation in growth rates. A non-age factor such as individual variability may cause part of the observed variation in growth of wolves. A variety of different prey resources can be found within the area occupied by a study population (Pimlott, 1967; Kuyt, 1972; Wiebe et al., 2009 ). In such a scenario, one would expect individual variation in growth rate across a population. Thus, we maintain that our von Bertalanffy model parameter estimates are reliable for the observed biological data that they were explaining and that they accurately depict the gender-specific condylobasal length and zygomatic width growth patterns of the arctic wolf. The growth models revealed that both sexes grew most rapidly during the early postnatal period and that most of a wolf's lifetime was spent near asymptotic size. In both genders, the growth models estimated that 97% of the asymptotic condylobasal length was reached at age 0.7 yr, a time shortly before juveniles are known to hunt with adults (0.8 yr: Mech, 1974; Halfpenny, 2003) and disperse from the pack (0.8 to 1 yr: Mech, 1974; Gese and Mech, 1991) , and before the epiphyseal cartilage calcifies (1 yr: Rausch, 1967) . A general linear mixed model of body mass growth by MacNulty et al. (2009) also noted an initial breakpoint at 0.75 yrs for both genders. Both genders were estimated to reach the asymptotic condylobasal length at age 3 yr, which matched the time when most wolves attain sexual maturity and mate (3 to 3.8 yr: Mech, 1974; Medjo and Mech, 1976) .
The growth models also revealed that both genders grew in zygomatic width for a longer time than they grew in condylobasal length. The maturing index values for zygomatic width were only 19% to 28% of those for condylobasal length, indicating that any fraction of growth in skull width was reached later than the same fraction of length. Prolonged growth in zygomatic width relative to condylobasal length is most likely to be associated with enlargement and improvement of surfaces for origin of jaw musculature, specifically, the temporalis, masseter, and pterygoideus muscles (Ewer, 1973) . Males and females were estimated to reach 97% of the asymptote zygomatic width at age 1.7 yr and 2 yr respectively, a time coinciding with the period when individuals typically reach puberty (1.8 years: Mech, 1974; Halfpenny, 2003) and attain most of their mass (> 1 to 2 yr: Ballard et al., 1997; Mech, 2006; MacNulty et al., 2009) . Both genders reached asymptotic zygomatic width by age 9 yr, which is about the reported lifespan of wild wolves (10 to 13 yr: Mech, 1974 Mech, , 1988 , suggesting that wolves may continue to grow in skull width throughout their life.
The skulls of arctic wolves showed sexual size dimorphism. Asymptotic size estimates indicate that in males, condylobasal length was 7.8 mm (3.2%) longer, and zygomatic width 5.9 mm (4.1%) wider, than in females. This finding supports the earlier observation that male skulls are about 4% longer and wider than those of females (Jolicoeur, 1959) . However, the asymptotic size estimates were not the largest observed condylobasal length or zygomatic width attained by any individual in the population; instead, they represent the mean maximum size attained in the population at maturity, as argued from metabolic laws (von Bertalanffy, 1957) . Possible explanations for this male-biased sexual size dimorphism may be that male pups start larger (Van Ballenberghe and Mech, 1975) , grow faster, grow for a longer time during life, or use a combination of these strategies (Southwood, 1988) .
With regard to pup size, Hillis and Mallory (1996a) found no significant sexual size dimorphism in body mass or other morphological features of wolf fetuses between day 32 after coitus and parturition. Van Ballenberghe and Mech (1975) reported that the mean weight of male pups captured during specific periods was generally greater than that of females, but some females exceeded the standard curve for males. We found that individual variation in age-specific growth in condylobasal length and zygomatic width was greater than differences due to sex among the youngest offspring to about age 0.5 yr. This result indicates that both sexes grew at the same rate during this early juvenile period because more rapid growth must occur for one sex to reach a larger size than another of the same age. However, there was well-defined male-biased sexual size dimorphism by age 0.6 yr. Thus, the fact that from about age 0.5 a male ultimately grew to somewhat larger asymptotic condylobasal length and zygomatic width than a female the same age revealed that during that period, males must have had a greater absolute rate of growth than females. Adult teeth, which are designed to tear and cut large chunks of meat and to crush bone, typically replace deciduous teeth by age 0.5 yr (Mech, 1974) . Therefore, the proximate cause of sex differences in the rate of skull growth apparently begins to operate after juvenile wolves attain their adult teeth and continues to adulthood.
Our growth models revealed that male skulls grew larger than female skulls both before and after female sexual maturity. This type of growth pattern is often indicative of sexual selection that acts to produce larger body size, which benefits more competitive males in terms of increased reproductive success, particularly males of polygynous species that breed with several females residing in their home range (Stearns and Koella, 1986) . However, Mech (1999) found that the typical wolf pack is a family, with the adult parents guiding the activities of the group in a division-oflabor system in which the female predominates primarily in such activities as pup care and defense and the male primarily during foraging and food-provisioning. All young wolves in a pack are potential breeders, and when individuals do breed, they automatically become alphas. Alpha males and females were merely the breeding animals of the pack, and dominance contests with other wolves were rare, if they existed at all (Mech, 1999) . Hillis and Mallory (1996b) concluded that sexual dimorphism in wolves has evolved primarily as a foraging strategy, owing to division of labor between the sexes: males are more highly specialized for capturing and killing large ungulate prey, while females are more specialized for a nurturing role. Jolicoeur (1959) concluded that wolf skulls differ in size among dispersed populations, with zygomatic width increasing and condylobasal length decreasing as latitude increases. Factors of the environment in which local populations live, such as day length or climatic conditions (Jolicoeur, 1959) and diet (Ewer, 1973) , may influence skull development. We assume that growth in the cranial features is related to development of the skeletal and muscle structures associated with capturing prey and feeding. Wolves kill prey by biting and shaking it, breaking the back, or disabling the victim with bites to the legs and venter. Difference in body size of the grey wolf is thought to explain variation in predatory performance and might influence prey selection (Sand et al., 2006; MacNulty et al., 2009 ). In fact, prey specialization may influence patterns of gene flow in wolves of the Canadian Northwest (Carmichael et al., 2001) , and thus it might also cause geographic variation in wolf skulls. It will be interesting to determine whether geographic variation in skull size, growth, and musculature relate to differences in diet and growth patterns among populations by prey specialization.
In conclusion, the von Bertalanffy growth curve was the most suitable model to describe condylobasal length-at-age and zygomatic width-at-age growth patterns of the arctic wolf because it was easy to fit, with higher fitting degrees, lower root mean squared standard deviation of data points about a fitted growth curve, larger Akaike weight, and fewer parameters derived directly from metabolic laws used to estimate gender-specific growth patterns. In males, asymptotic condylobasal length was 3.2% longer, and zygomatic width 4.1% wider, than in females. Sexual size dimorphism in this species develops in part through faster growth of males, which might benefit them in terms of reproductive success and the capture and killing of large ungulate prey.
